Introduction
[2] The El Niño-Southern Oscillation (ENSO) phenomenon is the strongest climatic signal on an interannual time scale and greatly affects the world population [Goddard and Dilley, 2005; McPhaden et al., 2006] . The ENSO comprises warm (El Niño) and cold (La Niña) episodes, with a returning time scale ranging from 2 to 7 years. The main properties of these two episodes are sometimes described as being negatively related, to the first order, but more interestingly, the properties differ within each episode. This was especially studied for the El Niño episodes which, at least, can vary in terms of phasing with the seasonal cycle [e.g., Jin et al., 1994] , strength [e.g., Wolter and Timlin, 1998 ], duration [e.g., Glantz et al., 1991] , onset time [e.g., Wang, 1995] , and eastward or westward displacement of sea surface temperature (SST) anomalies along the equator [e.g., Wang, 1995; McPhaden and Zhang, 2009] . The recent detection of a "new type" of El Niño, termed as "Dateline El Niño" [Larkin and Harrison, 2005a] , "El Niño Modoki" , "Warm Pool El Niño" [Kug et al., 2009] or "central Pacific El Niño" [Kao and Yu, 2009] , and hereafter referred to as the CP El Niño, has added a new dimension to the ENSO climatic puzzle. During this new type of El Niño, the maximum SST Anomalies (SSTA) are confined in the central equatorial Pacific, in contrast with the variously called "traditional," "canonical," "conventional," "cold tongue" or "eastern Pacific" El Niño (hereafter referred to as the EP El Niño), when they occur in the eastern Pacific. Interestingly, the CP El Niño has been shown to be more intense in recent years [Lee and McPhaden, 2010] , and could be more frequent in a warming climate [Yeh et al., 2009] .
[3] Different methods and numerous indices have been used to document the occurrence and diversity of ENSO, and to classify the different types of El Niño. Perhaps the most commonly used indices to document ENSO are the atmospheric Southern Oscillation Index (SOI) and the oceanic Niño-1+2, Niño-3, Niño-3.4 and Niño-4 SST indices [e.g., Rasmusson and Carpenter, 1982; Trenberth, 1984 Trenberth, , 1997 . Other indices have also been developed for specific process studies [e.g., Delcroix, 1998; Leloup et al., 2007; Meyers et al., 2007; Wolter and Timlin, 1998 ]. Most of these indices vary rather consistently with each other, as detailed for a few of them by Deser and Wallace [1987] and Hanley et al. [2003] . Yet, as a useful reference, the World Meteorological Organization (WMO), in 2005, has adopted a definition of El Niño and La Niña events based on the analysis of Niño-3.4 SSTA. The WMO years of the 1977-2008 events are given in Figure 1 . In addition, to classify the different types of ENSO, new SST-based indices have been proposed recently to characterize the CP El Niño, including the Trans-Niño Index (TNI) [Trenberth and Stepaniak, 2001] , El Niño Modoki Index (EMI) and CP Index [Kao and Yu, 2009] . Depending on the method and SST-based index used, the years identified as EP or CP El Niño may slightly differ, as summarized in Figure 1 .
[4] Studies have shown that different ENSO episodes, including EP and CP El Niño events, have different impacts on weather and climate, at both global and regional scales [Larkin and Harrison, 2005b; Weng et al., 2007; Ashok et al., 2009a Ashok et al., , 2009b Cai and Cowan, 2009; Hendon et al., 2009; Kim et al., 2009; Vincent et al., 2009; Yeh et al., 2009; Chen and Tam, 2010] . Most of them have used SST to stress the differences between ENSO episodes since the climatic impacts are sensitive to details of the surface warming (or cooling) of the equatorial Pacific [Palmer and Mansfield, 1984] via varying teleconnections, and because SST is by far the best observed oceanic variable. Interestingly, some of them have used variables other than SST involved in the ENSO cycle. For example, looking at recent publications only, Bosc and Delcroix [2008] and Kug et al. [2009] used sea level anomalies (SLA) as an alias for warm water volume (WWV) to differentiate between ENSO events, Kao and Yu [2009] identified the anomalous surface wind stress and vertical temperature structure associated with the EP and CP types of El Niño, Yeh et al. [2009] and Kug et al. [2009] found different signatures in precipitation anomalies during EP and CP El Niño events, while Chiodi and Harrison [2010] used outgoing longwave radiation (OLR) in the equatorial Pacific to distinguish between El Niño events.
[5] Using different variables to document ENSO clearly gives different perspectives rather than using SST only to understand its behavior, impacts and how it works. An Figure 1 . Years of eastern Pacific (EP) and central Pacific (CP) El Niño (EN) (in red and pink) and La Niña (LN) (in blue and turquoise) events as defined by the various references and their criteria (at the bottom image). Dark hatched boxes show that the period was not analyzed by the respective authors. Light hatched boxes show that the period was analyzed but the authors did not classify the events. The acronym DJF stands for December-January-February, etc. The superscript a means these authors only classified two events as examples of EPEN and CPEN events. Further analysis from their work was done by Yu and Kim [2010] . The superscript b means only CPEN events were analyzed and subsequently divided into three classes. The superscript c means ONI is the World Meteorological Organization defined Oceanic Niño Index, which is defined as the 3 month running means of SSTA in the Niño-3.4 region. essential variable of the global climate observing system [Global Climate Observing System, 2004 ; see also Lagerloef et al., 2008] that is also affected by the ENSO cycle is sea surface salinity (SSS). Indeed, precipitation patterns and heat fluxes are modified in the course of an El Niño or La Niña, affecting SSS. Moreover, anomalous surface currents have been simulated during CP El Niño [Kug et al., 2009] , and we can expect these currents to imprint on the distribution of SSS given the main role of zonal salt advection in the equatorial band at the ENSO time scale [Picaut et al., 2001] . Hence, as a complement to previous studies, the goal of this paper is, for the first time, to contrast and tentatively explain the different flavors of ENSO using SSS.
[6] The rest of the paper is organized as follows. Section 2 describes the data and methodology. Section 3 recalls the mean structures for SST, SSS, precipitation (P) and zonal currents (U). Section 4 sets the context regarding EP and CP ENSO based on an Empirical Orthogonal Function (EOF) analysis on SST and then analyzes the ENSO-related SSS variability with an EOF analysis, Agglomerative Hierarchical Clustering (AHC), and representative examples of ENSO events. Section 5 discusses the main mechanisms likely responsible for observed ENSO-related SSS variations. Section 6 summarizes and discusses the findings of this study.
Data Sets and Methodology
[7] The SSS data were obtained from the 1°longitude by 1°latitude and 1 month gridded product of Delcroix et al. [2011] for the tropical Pacific region (30°S-30°N, 120°E-70°W) and from 1950 to 2008. This product is derived from data originating from Voluntary Observing Ships, TAO/ TRITON moorings, CTD and Argo profilers. As the SSS coverage data is greatly time dependant, each grid point has an associated error indicating the confidence we can have on the SSS product at one particular month. This error is given as a percentage of the interannual variance at that point. When there is no SSS data available, the error is 100% and the SSS gridded value is equal to the monthly climatological SSS. In our analyses, we wish to exclude the grid points where too few data are available, and we consider somewhat arbitrarily that we can trust the SSS gridded product value if the error is less than the 80% threshold. In their analysis with a similar product, Cravatte et al. [2009] used an arbitrary value of 60% to define the error threshold. Initial sensitivity studies found that using 60% or 80% as the error threshold did not significantly change our results. Accordingly, regions where the mean error is less than 80% as well as data starting from 1977 only (due to poor data coverage before the mid 1970s) were used in our analysis. For SST, we chose to use the Met Office Hadley Centre for Climate Prediction and Research sea ice and sea surface temperature data set 1 (HadISST1) [Rayner et al., 2003] , available monthly from 1870 until present and with the same grid size as the SSS product. The Extended Reconstructed Sea Surface Temperature (ERSST) [Smith and Reynolds, 2003 ] and Kaplan [Kaplan et al., 1998 ] data sets were also tested in addition to the HadISST1 product, and we found that there is not much difference in the end results for the lowfrequency variations. We restricted the spatial and temporal domain for the SST data to be the same as that for the SSS data.
[8] The precipitation data used is from the Global Precipitation Climatology Project (GPCP) version 2.1 combined precipitation data set [Huffman et al., 2009] of monthly means from combined satellite and station data on a 2.5°grid that is available from 1979 to present. This product is regridded on a 1°grid using triangle-based linear interpolation based on a Delaunay triangulation [Barber et al., 1996] and constrained to the tropical Pacific region. We also tested the NCEP/NCAR Reanalysis 1 precipitation product [Kalnay et al., 1996] available from 1948, and while there are not significant differences between the two products, we selected to show results from GPCP for our specified region because no precipitation observations are assimilated in the reanalysis product [Janowiak et al., 1998 ]. The surface (0-30 m) currents are derived from the Ocean Surface Currents Analyses-Real time (OSCAR) product, which is available on a 1°grid monthly from October 1992 [Bonjean and Lagerloef, 2002] . We also tested the Centre of Topography of the Oceans and the Hydrosphere (CTOH) [Sudre and Morrow, 2008] and Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO) surface currents products and got basically the same results as with the OSCAR product. The Websites for downloading all the gridded fields we used are given below in the Acknowledgments paragraph.
[9] All data sets were detrended (except for the zonal currents as the time series are too short) over the 1977 -2008 period for SSS and SST, and 1979 -2008 for precipitation. This proved necessary as, for example, the freshening trend observed in the warm pool over the last 30 years Cravatte et al., 2009] could have been (mis) interpreted as a sign of increased intensity or occurrence of El Niño events. Yet, it is also possible that part of the observed linear trends in SST and SSS in the central equatorial Pacific are due to an increase of El Niño intensity in the central Pacific, as suggested by Lee and McPhaden [2010] for SST and discussed in section 6 for SSS.
[10] A number of different data analysis procedures were then performed on the anomalies (relative to the mean monthly climatology) in order to characterize the different ENSO signatures. These include time filtering using different filter lengths, EOF analysis [e.g., Emery and Thomson, 2001] , linear regressions of anomalies onto ENSO indices (e.g., Niño-1+2 and Niño-4 SSTA), combined regression-EOF analysis (as used by Kao and Yu [2009] ), neural network analysis [Kohonen, 1989] and agglomerative hierarchical clustering (AHC) [Kohonen, 1989] . We choose to discuss results derived from the well-known EOF analysis and less frequently used AHC technique only. These two techniques were performed on 13 months Hanning filtered anomalies. This filter passes almost no signal at periods of 6 months and shorter and so looks appropriate since the duration of CP ENSO was found to be less than 1 year [e.g., Ashok et al., 2007; Weng et al., 2007; Kao and Yu, 2009] .
[11] In the AHC procedure, each singleton (defined as a monthly anomaly map) is initially merged with another according to the smallest Euclidean distance between each pair of singletons. Each resulting merged cluster is then paired with another merged cluster according to the Ward [1963] criterion (which is analogous to the Euclidean distance for singletons). This procedure was repeated until the remaining two clusters were finally merged into the complete data set. The clustering procedure can be represented by a dendrogram, which illustrates the fusions made at each successive step of the analysis and the linkage (separation) distance between each successive clustering. Further examples on the use of the above clustering technique can be found in the work by Kao and Yu [2009] and Vincent et al. [2009] .
Mean Structures
[12] The mean structures for SST, SSS, precipitation and zonal currents fields are first reminded in Figure 2 . For SST, the presence of a smooth temperature gradient along the equatorial region distinguishes the warm pool (characterized here by SST greater than 29°C) in the west from the equatorial upwelling region in the east. High SST bands are found along the Inter Tropical Convergence Zone (ITCZ) north of the equator and in the South Pacific Convergence Zone (SPCZ), which is obliquely oriented along the northwest-southeast axis in the southwest tropical Pacific. The poleward decrease in SST is evident from ∼15°-20°latitude. The mean SSS structure shows low-salinity waters observed under the ITCZ and SPCZ and in the western equatorial Pacific. A strong minimum in SSS is also observed in the far eastern Pacific within 5°N-10°N, south of the eastern warm pool. Two high-salinity cores are found northwest of Hawaii and in the vicinity of Tahiti. In the equatorial region, SSS increases westward from the Americas to the central Pacific and then decreases farther to the west, with the 34.8 isohaline lying close to the eastern edge of the warm pool. High precipitation (>6 mm d . According to Ashok et al. [2007] , the spatial patterns of SST EOF1 and EOF2 associated with the positive phase of their time functions are characteristic of EP and CP El Niño, respectively.
[14] The first EOF for SSS accounts for 28.6% of the interannual variance. The spatial pattern ( Figure 4a thus indicate a decrease (increase) of SSS during El Niño events, and vice versa during La Niña events. These SSS EOF1 results are in agreement with those of Delcroix [1998] who found similar patterns using data from 1976 to 1992 only, though our confidence is strengthened in the present analysis in which we double the record length. By analogy with SST EOF1, it is tempting to conclude that this SSS EOF1 characterizes the SSS signature of EP ENSO. The second and third SSS EOFs extract a total of 25.6% (13.2 + 12.4) and are not shown here. Although their time functions are well correlated with SST-PC2 (R = 0.44 and R = 0.75) at zero lag, a simple test of significance Figure 4a denote regions where the normalized error in SSS is larger than 80% and are not used in the analysis. [North et al., 1982] applied to the eigenvalues shows that these EOFs cannot be distinguished in a statistically significant way and thus probably do not extract (or extract a mixture of) real physical phenomena.
AHC Analysis
[15] The advantage of the above EOF analysis is that it provides a compact description of the spatial and temporal variability of SST and SSS. Noteworthy, it implicitly assumes symmetry in the spatial patterns of the El Niño and La Niña events denoted by the positive and negative phases of the EOF time functions, respectively. As discussed in a few papers [e.g., Larkin and Harrison, 2002] and in the following paragraphs, the El Niño and La Niña spatial patterns are however not strictly symmetrical. Moreover, the EOF analysis on SSS suggests that the CP ENSO signal is likely spread, at least, over the second and third EOF modes. Given these EOF limitations, an AHC analysis was performed on the low-pass filtered monthly SSS Anomaly (SSSA) maps in an attempt to better discriminate the signature of EP and CP ENSO in SSS.
[16] The AHC technique was found to be rather sensitive to the selected SSS data coverage and data processing. Hence, we show only robust clusters that appear whatever the used error thresholds (tested from 60% to 80%), spatial coverage (from 20°S-10°N to 30°S-30°N and 120°E-70°W), and low-pass filter lengths (from 13 to 25 months).
Five clusters for a total of 379 maps were identified at the top of the dendrogram tree (not shown here) using 80% as the maximum SSS error and 13 months Hanning filtered SSSA maps in the region 20°S-10°N, 120°E-70°W. As discussed below, the five clusters characterize the neutral, EP and CP El Niño and EP and CP La Niña conditions, and occur approximately 18%, 8%, 34%, 33% and 8% of the time, respectively.
[17] The cluster time series together with the cluster maps in terms of SSS are shown in Figure 5 . The spatial pattern of the fourth cluster (Figure 5d ) shows high positive SSS anomalies (maximum of 0.33) located mostly west of the dateline in the equatorial region and a strong freshening (maximum of 0.23) located south of the mean SPCZ position. The timing of that cluster 4 (1985-1986, 1988-1989, 1995-1996, 1999-2001, 2005-2006 and 2007-2008) indicates that this pattern characterizes the EP La Niña signal in SSS (according to SST-PC1). The spatial pattern of cluster 1 (not shown here) is somewhat similar to cluster 4 with smaller SSS anomalies, and occurs during periods when the ENSO signal is the weakest (also according to . Similarities between clusters 1 and 4 thus suggest that this cluster is characteristic of neutral conditions, and that the La Niña situation could be interpreted simply as an enhanced neutral situation [e.g., Meyers et al., 2007] . The pattern in cluster 5 (Figure 5e ) roughly shows opposite signs to the pattern in clusters 1 or 4. Its timing represents the very strong 1982-1983 and 1997-1998 and strong 1991-1992 EP El Niño events, thus we conclude that this cluster extracts the EP El Niño signal. Interestingly, these three events correspond to the only El Niño events associated with the occurrence of deep atmospheric convection (OLR < 230 W m −2 ) lasting at least half a year in the central equatorial Pacific [Chiodi and Harrison, 2010] . The maximum negative SSS anomalies (0.51) for these events are centered close to the equator and the dateline, and high-salinity cores are found in the SPCZ region and north of Papua New Guinea with maximum amplitudes of 0.51 and 0.35, respectively. Cluster 3 (Figure 5c ) shows negative SSS anomalies zonally oriented over the SPCZ region (maximum of 0.37) and sandwiched between two positive anomaly regions: one centered west of the dateline in the equatorial region (maximum of 0.29) and the other approximately between 30°S and 20°S (maximum of 0.21). In the equatorial region, higher salinities are confined west of ∼165°W while lower salinities are evident to extend southeastward from the SPCZ region. The timing of this cluster occurs during 1983-1984 and 1998-1999 , after the two very strong EP El Niños in 1982 -1983 and 1997 -1998 (consistent with findings by Yu et al. [2010b] ) and before the EP La Niña events of 1985-1986 and 1999-2001, respectively , and thus this cluster represents the CP La Niña signal in SSS. A reduction in the amplitudes of the SSS anomalies is seen in cluster 2 (Figure 5b) , as compared to the EP El Niño in cluster 5 (Figure 5e ), especially in the SPCZ region (maximum of 0.36) and with a ∼15°westward displacement of the lowsalinity core in equatorial region as compared to cluster 5.
The timing of cluster 2 coincides with those of CP El Niño events in 1977-1978, 1986-1988, 1990-1991, 1992-1995, 2002-2003, 2004-2005 and 2006-2007, according to the dates of positive values of SST-PC2 or EMI in Figure 3 . Interestingly, the frequency of CP El Niño (cluster 2) does not increase significantly with time during the 30 year period from 1977 to 2008 (e.g., in Figure 5a , 16% and 17% of CP El Niño events occurred in the first and second halves of that period, respectively), as could occur under global warming as suggested by Yeh et al. [2009] and Lee and McPhaden [2010] using SST. Note, however, that the few numbers of sampled EP and CP El Niño events prevents us to be firmly conclusive in this matter.
Representative Examples
[18] To further help reduce the possibility that the SSS patterns in Figures 4 and 5 are artificial results of the statistical EOF and AHC analyses, the two left columns in Figure 6 shows DJF (December to the following February) composites of SSTA, and MAM (March-April-May) composites for SSS anomalies for the 1997 -1998 EP El Niño, 2002 CP El Niño, 2007 -2008 EP La Niña and 1998 -1999 CP La Niña events. The 3 months SST/SSS lag has been estimated from the EOF analysis in Figures 3 and 4 , as well as from a visual detection of the peak anomalies on monthly mean maps. Reassuringly, these four presented examples, as well as others not shown here, are quite consistent with the AHC analysis. The remaining subtle differences between each example and its corresponding ENSO type in the AHC analysis, however, remind us of the 
Proposing Mechanisms Responsible for Contrasted ENSO-Related SSS Changes
[19] The contrasted ENSO signals observed in SSS result from the different contributions of terms involved in the salt conservation equation in the salinity mixed layer. These terms, however, cannot be quantitatively computed with confidence using observational data. Hence, as an alternative approach, this section qualitatively discusses how precipitation and zonal currents, the main two terms affecting SSS changes [e.g., Picaut et al., 2001; Gouriou and Delcroix, 2002; Vialard et al., 2002] , might induce the observed contrasted signals. An EOF analysis on precipitation and zonal currents is first presented to get a general view, and we then focus on the equatorial region and SPCZ mean areas where the maximum ENSO-related SSS changes are observed. Statistical tests based on the work by North et al. [1982] indicate the presented EOF1 and EOF2 are well separated and are thus likely representative of real physical phenomena, as supported by the representative examples portrayed in the two right columns of Figure 6 .
Precipitation and Zonal Currents Signal During ENSO
[20] The spatial patterns of P EOF1 (Figure 7a ), which accounts for 39.9% of the total variance, shows positive loadings concentrated in the central equatorial Pacific region (between ∼170°E and 165°W with maximum loadings of 0.037) and expanding to the east over the ITCZ region (∼5°N). Negative loadings can be found in the far western equatorial Pacific (maximum of 0.025) and extending southeastward over the SPCZ region. The spatial pattern for P EOF2 (Figure 7c) , showing 22.8% of the total variance, illustrates that the positive maximum loadings (0.046) in the equatorial region tend to be west of the dateline and ∼15°-20°of longitude westward of the positive maximum loadings found in P EOF1. However, the tendency for the positive loadings to appear north of the equator still remains. Noteworthy, the negative loadings that were present over the SPCZ region in P EOF1 have disappeared in P EOF2. Negative loadings (maximum of 0.026) are found east of the dateline extending toward the South American coast along the equatorial region. The principal components of P EOF1 (P-PC1) and P EOF2 (P-PC2) show high positive correlations of R = 0.94 and R = 0.82 with SST-PC1 (at zero lag) and SST-PC2 (with P-PC2 leading by 1 month), respectively. This implies that the two P EOFs represent the EP and CP ENSO signals, respectively, with positive loadings in Figures 7a and 7c denoting enhanced precipitation during EP and CP El Niño events. As also noticed by Larkin and Harrison [2005b] , the precipitation signature of EP and CP El Niño can thus be dramatically different for Pacific countries, especially in the southwestern tropical region where precipitation changes are much smaller during CP events, and in the central and eastern equatorial region where they are of opposite signs. Consistent results were derived by computing correlation coefficients between precipitation changes versus the principle components of the SST EOFs [Kao and Yu, 2009] , and by making composites of individual events [Kug et al., 2009] (also shown here in Figure 6 ).
[21] The time functions and spatial patterns of U EOF1 and U EOF2, which account for 48.6% and 11.4% of the variance, respectively, are shown in Figure 8 (recall that the zonal currents time series start in 1992 only). As was found above for precipitation, there are high correlations of U-PC1 and U-PC2 with SST-PC1 (R = 0.80; U-PC1 leading by Figure 7b ) and SST-PC2 (in Figure 7d) , scaled on the right vertical axis.
4 months) and SST-PC2 (R = 0.87; SST-PC2 leading by 1 month), respectively. This indicates that U EOF1 and U EOF2 are representative of the EP and CP ENSO signals, correspondingly. During EP El Niño, eastward current anomalies dominate most of the equatorial region, with a tendency for the maximum amplitudes to appear slightly north of the equator east of ∼160°W. During CP El Niño, the eastward anomalies over the far western equatorial Pacific region remain with maximum loadings greater than 0.050 (as in U EOF1). There is, however, a reversal of the current anomalies east of about 160°E-170°E in the equatorial region (with maximum negative loadings of 0.046) so that the U EOF2 resembles the mean zonal currents field (Figure 2d ). Such a reversal is crucial as it means a convergence of surface current anomalies near 175°E favoring the confinement of the warm and fresh pool in the western central basin as observed during CP El Niño [see also Kug et al., 2009, Figure 9 ] (also shown here in Figure 6h ). Away from the equatorial band, small eastward current anomalies tend to dominate in the NECC and over the entire south Pacific region.
[22] Generally, in the equatorial band, the EOF analysis suggests that for the EP El Niño (cluster 5 in Figure 5e ), eastward equatorial zonal current anomalies bring in lowsalinity waters from the far western equatorial Pacific into the central equatorial region. This combined with the high precipitation anomaly east of about 150°E, further lowers the salinity in this region, consistent with the findings of Delcroix and Picaut [1998] . For the CP El Niño (cluster 2 in Figure 5b ), the low-salinity waters in the far western equatorial Pacific are consistent in space with the reduced zonal extension of anomalous eastward zonal currents and high precipitation. Similarly, the westward zonal current anomalies and rainfall deficit east of the dateline are in agreement with the higher salinity found in the region. In the SPCZ region, the precipitation deficit combined with the hint for small westward current anomalies in the western Pacific (due to the northeastward displacement of the SPCZ; see section 5.3) results in increased salinity during EP El Niño, as found by Gouriou and Delcroix [2002] . In contrast, weaker precipitation deficit and eastward current anomalies tend to dominate the entire Pacific region south of about 8°S during CP El Niño. As a result, higher than average salinity waters remain as during EP El Niño but with reduced magnitude due to the SPCZ position near its normal position (see section 5.3).
SSS Changes in the Equatorial Region
[23] In addition to the above EOF analyses, Figure 9 illustrates the tight relationships between the 2°S-2°N averaged SSS, precipitation and zonal currents over their respective measurement periods. The zonal displacements of the eastern edge of the warm pool, characterized by the 34.8 isohaline positions, agree well with both the zonal current direction and heavy precipitation location, corroborating earlier results obtained for different time periods [Delcroix and Picaut, 1998; Picaut et al., 1996 Picaut et al., , 2001 . As expected from U EOF, Figure 9 also indicates that eastward current anomalies extend further to the east during the EP (1997) (1998) than during the CP El Niño events (1992-1995, 2002-2003, 2004-2005 and 2006-2007) , with CP El Niño events showing a current convergence in the western central basin.
[24] The 2°S-2°N averaged positions of the 34.8 isohaline for eleven El Niño and nine La Niña events of the years 1977-2008 are compared in Figures 10a and 10b , respectively. The mean position of the 34.8 isohaline (heavy black line) reaches its maximum eastward position (MEP) of ∼175°W during November of the El Niño year, and its maximum westward position (MWP) of ∼155°E during May of the La Niña year. During the EP El Niños, the MEP of the 34.8 isohaline is further east of the mean position. In con- Figure 8b) and SST-PC2 (in Figure 8d) , scaled on the right vertical axis.
trast, during CP El Niño, the MEP of the 34.8 isohaline lies west of the mean isohaline position. It is interesting to note that the timing of the MEP of the 34.8 isohaline generally occurs before the peak of the mean isohaline position during CP El Niño's in contrast to the EP El Niño's. The CP La Niña events generally peak before the EP La Niña events. In general, CP ENSO events peak earlier than EP ENSO events while the MEP (MWP) of the 34.8 isohaline show greater displacements from the mean isohaline position during EP rather than during CP El Niño (La Niña) events. Figure 9b) , and 0 m s −1 isotack (in Figure 9c) .
SSS Changes in the SPCZ Region
[25] The correlation between EOF1 principal components of SSS and precipitation is maximum when precipitation is leading SSS by 3 months. Using this lag, we extracted the precipitation signal from the SSS cluster time series ( Figure 5 ) for each cluster from 1980 to 2008 and averaged it (as was done to obtain the SSS clusters) for the southwestern tropical region (0°-30°S, 150°E-150°W). The mean position of the SPCZ for each cluster was then calculated by averaging the position of maximum precipitation for each map that makes up the cluster. The mean SPCZ position over the entire time series was calculated in a similar way. The resulting precipitation patterns corresponding to the SSS clusters are shown in Figure 11 , together with the mean Figure 12b , and 0.1 m s −1 in Figures 12c and 12d . Positive values denote eastward current anomalies.
SPCZ positions over the entire data length and for each cluster.
[26] The La Niña signal (Figures 11b and 11c ) is consistent with the SSSA pattern (Figures 5c and 5d ) with negative correlations, respectively, north and south of the SPCZ position. The pattern is reversed during CP and EP El Niño as can be seen in Figures 11a and 11d , respectively. Noteworthy, the SPCZ position does not move as far to the north during CP El Niño as during EP El Niño and, as expected from the derived precipitation changes, the positive SSS anomalies are reduced in magnitude.
[27] The SPCZ position found above is similar to findings by Vincent [1994] , Folland et al. [2002] and Gouriou and Delcroix [2002] , but only for EP El Niño and La Niña events. Recently, Vincent et al. [2009] further characterized the SPCZ position into four different structures using three monthly austral summer precipitation composites over the 1979-2002 period. We reinforce their work by obtaining similar results for the SPCZ position but further stress that this is strongly characterized by the different SSSA structures during EP and CP El Niño and La Niña.
[28] As was done with the precipitation anomalies, the zonal currents anomalies in the SPCZ region were also extracted from the SSS cluster time series with zonal currents leading SSS by 7 months (based on the EOF principal components in SSS and zonal current); the results are shown in Figure 12 . In general, the zonal currents anomalies complement the precipitation anomalies (Figure 11 ) in explaining the SSS signal (Figures 5b-5d ) in the SPCZ region with eastward (westward) zonal currents anomalies bringing in fresher (saltier) waters from the southwestern (eastern) tropical Pacific (see the mean SSS structure in Figure 2b ).
Defining ENSO Metrics With SSS
[29] The EOF and AHC procedures indicate that the main difference during EP and CP ENSO is the appearance of contrasted SSS patterns in the equatorial part of the warm pool and along the mean SPCZ position. Because of this we identify three regions in the western half of the tropical Pacific: the first region (A) is delimited between 2°S-2°N and 150°E-170°E, the second (B) between 2°S-2°N and 170°E-170°W and the third (C) between 160°E-160°W and Figure 13 . Time series of (a) the SSS El Niño Index and (b) the SSS ENSO Index in blue with the 13 months Hanning filtered SOI and TNI superimposed in red (in Figures 13a and 13b, respectively) , and the timing of the SSS clusters in black (see Figure 5 ). See section 5.4 for the definition of both indices.
25°S-10°S. The normalized difference (B-A) between the normalized average SSSA in the first two regions results in an index (Figure 13a) , henceforth called the SSS El Niño Index, which is fairly able to distinguish EP El Niño events from CP El Niño events (except in 2003) . In fact it has a high negative correlation of R = −0.7 with the TNI (defined as the normalized difference between the normalized SST anomalies averaged in the Niño-1+2 and Niño-4 regions) lagging by 2 months. In addition, because the SSS signature in the SPCZ area is also different during El Niño and La Niña episodes, the normalized difference (C-(A+B)) between the normalized average SSSA in the third (SPCZ) region and the sum of the normalized average SSSA in the first two (equatorial) regions (Figure 13b ), hereafter called the SSS ENSO Index, allows us to discriminate between El Niño (positive anomalies) and La Niña (negative anomalies) events, in agreement with the WMO definition in Figure 1 . Actually, it has a high correlation of R = −0.88 with the SOI leading by 2 months. Moreover, both indices correspond fairly well with the SSS cluster time series in Figure 5 , suggesting that the SSS El Niño Index (SSS ENSO Index) could also be used as an indicator for EP and CP El Niño (and La Niña) events.
Conclusion and Discussion
[30] The analyses of resemblances and dissimilarities between ENSO events are both important for improving the understanding of ENSO physics, predicting regional and global climate impacts, and estimating the effects of global warming on ENSO features. Accordingly, both ENSO similarities and differences have been analyzed in the last three decades, probably starting from the milestone papers of Wyrtki [1975] and Rasmusson and Carpenter [1982] . As stated 35 years ago by K. Wyrtki: "no two El Niño events are quite alike." Since then, numerous results have pointed out the many dissimilarities of ENSO events [e.g., Wang, 1995] , including the recent detection of a new type of El Niño variously called Dateline, Warm Pool, central Pacific or El Niño Modoki events [Harrison and Larkin, 1998; Harrison, 2005a, 2005b; Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009] . In line with this, the aim of this paper was to contrast ENSO features in the tropical Pacific, for the first time using SSS observations, as collected during 1977-2008. [31] Using EOF and AHC analyses on SSS, and comparing with ENSO-related SST features, we showed that the eastern Pacific (EP) El Niño events in SSS appear in 1982-1983, 1991-1992, and 1997-1998 , the central Pacific (CP) El Niño events in 1977 -1978 , 1986 -1988 , 1990 -1991 , 1992 -1995 , 2004 -2005 , the EP La Niña events in 1985 -1986 , 1988 -1989 , 1995 -1996 , 1999 , 2005 -2008 , and the CP La Niña events in 1983 -1984 -1999 . It should be noted, however, that clearly differentiating the two EP and CP El Niño and La Niña flavors is a difficult exercise, depending on the method used (see Figure 1) , and noting that some years may even be classified as "mixed" events [e.g., Kug et al., 2009, Figure 1 ]. In general, EP and CP El Niño (La Niña) events result in a SSS freshening (saltening) in the western half of the equatorial Pacific and a SSS increase (decrease) in the SPCZ mean area. The EP and CP El Niño events, however, have distinct quantitative SSS signatures. In the equatorial Pacific (say 2°S-2°N), EP El Niño events are characterized by a maximum SSS freshening (∼−1) near the dateline and a strong (∼30°longitude) eastward displacements of the 34.8 isohaline materializing the eastern edge of the low-salinity warm pool waters. During CP El Niño events, the maximum SSS freshening is shifted westward by about 15°longitude and the eastward displacements of the 34.8 isohaline are only about half the EP El Niño amplitude. Kug et al. [2009] found similar differences between Warm Pool and Cold Tongue El Niños (analogous to our CP and EP El Niño) in terms of SST, precipitation, atmospheric vertical motion and surface zonal wind anomalies: the anomalies are shifted to the west during Warm Pool El Niño compared to those associated with the Cold Tongue El Niño. This results in rather homogeneous SSS within 150°E-170°W during EP El Niño events, contrasting with nonhomogeneous SSS between the western (150°E-170°E) and eastern (170°E-170°W) halves of the warm pool during CP El Niño events (with the western half being ∼0.2 fresher). In the far western equatorial Pacific, results are also contrasted: EP El Niño result in a saltening, whereas CP El Niño in a freshening of the surface waters. Besides, in the SPCZ mean area, EP El Niño events are characterized by a well-marked increase (∼+1) in SSS, which is about 2-3 times less during CP El Niño events. As a practical application, we showed that computing SSS differences between the western and eastern parts of equatorial part of the warm pool, as well as between the warm pool and the SPCZ mean areas, which we define as the SSS El Niño and SSS ENSO Indices, could be used as possible indicators of (EP and CP) El Niño and La Niña events, potentially enriching the list of simple ENSO metrics to benchmark climate model skills.
[32] A qualitative analysis of the two main terms of the SSS balance strongly suggests that zonal advection by surface currents and precipitation changes are the main mechanisms responsible for the ENSO signatures in SSS. In the equatorial band, the zonal displacements of the eastern edge of the warm pool (i.e., the 34.8 isohaline) are remarkably consistent with the zonal current anomalies, as demonstrated earlier (see Picaut et al. [2001] for a review). Notable differences in zonal currents, however, show up between EP and CP El Niño events. During EP El Niño events, eastward current anomalies appear chiefly from the western to the central eastern equatorial Pacific, consistently with the strong eastward displacements of low-salinity warm pool waters. In contrast, during CP El Niño events, there is a tendency to have a zonal current convergence slightly west of the dateline, consistent with the reduced eastward displacements and, more generally, with the confinement of the warm/fresh pool in the central Pacific basin. The strong eastward displacements of the warm/fresh pool in the equatorial band during EP El Niño events lead to an important northeastward shift of the SPCZ (∼5°-7°latitude for the eastern part) which induces rainfall deficit and related SSS increase at the mean SPCZ position. In contrast, the central Pacific confinement of the warm/fresh pool during CP El Niño events yields to small (∼1°-2°latitude) equatorward shifts of the SPCZ and to moderate SSS increase at the mean SPCZ position.
[33] It has been suggested by Kao and Yu [2009] that EP ENSO fits well with the evolution described by the delayed oscillator theory of ENSO, while it is likely that local atmospheric forcing is important to CP ENSO. Accordingly, Yu et al. [2010a] showed that their Type 1 SST variability (analogous to our EP El Niño) in the central Pacific results from the zonal advection of thermocline-controlled SST variations from the eastern equatorial Pacific whereas their Type 2 variability (analogous to our CP El Niño) is linked to the northeastern subtropics through surface wind forcing and associated atmosphere-ocean heat fluxes (primarily the latent heat flux) and surface ocean advection. As discussed above, our analysis of SSS changes in the equatorial band during ENSO also suggests that one of the main SSS differences between EP and CP El Niño events result from the different roles of zonal current anomalies, in particular with the zonal currents anomalies favoring the warm pool confinement in the central Pacific during CP El Niño events. The question then remains as to why zonal currents differ so drastically between EP and CP events? One possibility that first comes to mind is the wind stress forcing. As noted by Kao and Yu [2009] , westerly wind anomalies covered a large part of the tropical Pacific during EP El Niño events, whereas they are limited to its western central part during CP El Niño events. Both instances of westerly anomalies are located west of the maximum related warm SST anomalies, in close agreement with a Gill-type model. Further studies should be carried out to differentiate these coupling processes. Another possibility is that the barrier layer (BL) may be responsible for the different zonal currents anomalies. Model results have shown that its existence in the equatorial part of the warm pool may affect zonal currents [Vialard et al., 2002] and/or ENSO development [Maes et al., 2006] . Previous studies actually suggest a tendency for a thick BL to be associated with the two EP El Niño events in 1991-1992 and 1997-1998 , noting that we cannot conclude for the third EP El Niño event in 1982-1983 given the poor data density at that time [Ando and McPhaden, 1997; Maes and Behringer, 2000; Vialard et al., 2002; Bosc et al., 2009 ]. Yet, another possibility for the different zonal currents anomalies is the role of equatorial waves. As discussed in previous papers [e.g., Delcroix and Picaut, 1998; Picaut and Delcroix, 1995] , the zonal displacements of the eastern edge of the warm/fresh pool chiefly result from the combined effects of wind-forced and reflected first baroclinic equatorial Kelvin and first meridional mode Rossby waves. The confinement of the warm/fresh pool in the central Pacific basin during CP El Niño events should thus necessarily reflect a specific combination of these waves.
[34] Another interesting question is to what extent changes in the number and amplitude of ENSO events, as well as the respective occurrence of EP and CP events, might contribute to long-term SSS trends, as discussed by Compo and Sardeshmukh [2010] and Lee and McPhaden [2010] for SST. We showed above from detrended SSS time series that CP, as compared to EP El Niño events, are characterized by an increased freshening in the far western equatorial Pacific and a reduced saltening in the SPCZ mean area. Taken as a whole, this can be viewed as a relative freshening of the western half of the tropical Pacific. Hence, assuming that the frequency of CP events will increase with global warming [Yeh et al., 2009 ], we would thus observe an ENSO-related enhancement of the long-term freshening trends observed in the western half of the tropical Pacific Cravatte et al., 2009] . Caution will thus be required to properly discriminate natural (ENSO) from anthropogenic (trend) climate changes in long-term SSS records: a generic question in today's climate research.
